Bound water layers in hydrated powders and aqueous suspensions of microcrystalline cellulose were investigated by 1 H NMR methods. The characteristics of such layers were calculated and the magnitude of the interfacial energy (g s ) at the cellulose/water interface in an aqueous environment determined. It was found that the concentration of strongly bound water and the value of g s were strongly dependent on the concentration of cellulose in suspension. This is probably due to the strong interaction between cellulose particles. At very high suspension concentrations, the concentration of water inside the cellulose filament decreased by more than three-times while the value of g s decreased from 31 J/g to 9 J/g as a result of surface forces.
INTRODUCTION
The investigation of the interaction of microcrystalline cellolose filaments with water is very important both from the viewpoints of the textile and paper industries and also as a method of creating new pharmaceutical formulations. Thus, a pharmaceutical tablet is a complex mixture of various compounds with each playing a special role. The drug is only one component in such a mixture; the other substances are called fillers, each having a definite function. These fillers may be sub-divided into three main groups. The first group is used to bond the mixture together (polyvinylpyrolidone, water, alcohol), the second are solubilizing agents (starch, gelatine) and the third group of fillers called gliding agents include substances (talc, starch, silica) which improve the technology of tablet production. The mixture may also contain some substances which prolong the life of the drugs involved, e.g. highly dispersed metal oxides which are present in some pharmaceutical formulations for this purpose. However, of all these various components, the most important are polymers such as polyvinylpyrolidone and cellulose.
The structure of the cellulose filament has been studied extensively over the past 50 years. According to X-ray analyses, the simplest cell in such a filament is that with the dimensions 8.2 × 10.3 × 7.9 Å, formed by two adjacent anhydro-D-glucopyranose chains (Wellard 1954) . Consecutive combinations of these cells form a thread-like polymer chain which can contain some 300 to several thousand glycoside elements (Jayme and Kleppe 1961a,b) . The basic element in such a chain is a microfibril which contains linear or folded chains (Manley 1960 (Manley , 1964 Dolmetsch 1961) and whose thickness may vary from 30 to 100 Å. Investigation of the structure of microfibrils by scanning electron microscopy methods (Bittiger and Husemann 1964) showed that the particles were stick-like with a length equal to 500-700 Å, i.e. significantly less than the length of the stretched cellulose polyester macromolecule. Microfibrils constitute the supermolecular structure of fibrils in which the separate polymer chains are bound together by intermolecular forces (Hess et al. 1957) with one fibril containing several tens of microfibrils. Such groups of microfibrils contain capillary channels which are incorporated into fibrils. The fibrils in a cellulose filament may be identified easily by optical microscopy (Jayme and Krolle 1965) . Cellulose particles may be converted by chemical treatment into an amorphous form which is characterized by a disordered disposition of glucose elements in neighbouring polymer chains. This type of cellulose is referred to as microcrystalline cellulose (MC).
Since the polymer chains in fibrils are bound together by hydrogen bonds, molecules capable of forming hydrogen-bonded complexes can penetrate into the spaces between microfibrils and thereby modify the interaction between the polymer chains. Typical examples of such molecules are water, alcohol, amines and other polar molecules (Staudinger and Dohle 1942) with the capillary spaces being capable of being filled by several amounts of liquid.
The goal of the present study was the determination of the concentration and characteristics of water bound in an MC filament dispersed in water and the dependence between these characteristics and the cellulose content in the suspension. Such determinations have been conducted by 1 H NMR spectroscopy using a procedure involving the freezing point of the liquid phase. This method has been applied successfully in the past for determining the characteristics of bound water layers in adsorbent suspensions and biopolymer solutions Gun'ko et al. 1997; Turov and Mironyuk 1998a,b; Turov and Leboda 1999) .
EXPERIMENTAL
A high-resolution NMR spectrometer (Bruker WP-100 SY instrument; operating frequency, 100 MHz; transmission band up to 50 kHz) was used for recording the 1 H NMR spectra, the temperature of the instrument sensor being maintained constant to an accuracy of ±1 K with the aid of a BVT-1000 temperature controller. The integrated intensity of the NMR signals was determined with an accuracy of ±10% using an electronic integrator. The amounts of unfrozen interfacial water (C H 2 O ) in the aqueous cellulose suspension frozen within the temperature range 190 < T < 273 K were estimated by comparison with the integral intensity of the 1 H NMR signal of unfrozen water (I uw ) with that of water (I w ) at 285 K. Thus,
, where m w is the mass of water and m c the mass of cellulose in the suspension before freezing.
Signals corresponding to surface hydroxyls and water molecules from ice were not detected due to the features of the measurement technique and the short time (~10 -6 s) necessary for crossrelaxation of the protons in the solid (Abragam 1961) . The Gibbs free energy changes (DG, kJ/ mol) of the interfacial water were calculated with a relative mean error of ±15% using the known dependence of the Gibbs free energy changes of ice on the temperature, i.e. DG = 0.036(273 -T) (Glushkov 1978) . It was assumed that, at T < 273 K, water at the interface was frozen when G = G i and the value of DG = G 0 -G was equal to DG i = (G i ) T = 273 -(G i ) T , corresponding to a decrease in the Gibbs free energy of the interfacial water due to its interaction with the solid surface [G 0 denotes the Gibbs free energy of the bulk (undisturbed) water].
To prevent supercooling of the water during freezing, all measurements of the signal intensities were made by heating samples preliminary cooled to T = 190 K. 
RESULTS
The dependence DG = f(C H 2 O ) for aqueous suspensions (curves 1-6) and hydrated powders of cellulose (curves 7 and 8) are depicted in Figure 1 . In the studies reported, the concentration of the solid phase (C mkc ) in the suspensions was varied from 6% to 44%. As shown in Figure 1 , all the dependencies exhibit a vertical section which indicates that a constant concentration of unfrozen water existed over a wide range of DG values, i.e. the water adsorbed on the cellulose surface did not freeze over a wide range of temperature variation. Turov and Leboda (1999) have shown that, for microporous and mesoporous materials, the presence of such a vertical section in the corresponding plots arises from the strong interaction between the water molecules and the surface. Over the temperature range involved, the decrease in free energy caused by adsorption is larger than that caused by the temperature drop. As the strongly bound water is that which freezes when the temperature is reduced sufficiently, it may be concluded that in aqueous suspensions of cellulose all the adsorbed water is strongly bound if the concentration of cellulose (C mkc ) is 20 wt%. In dilute suspensions (Figure 1, curves 1 and 2) , sections corresponding to weakly bound water molecules appear in the plots. These sections may be characterized by insignificant changes in DG over a wide range of unfrozen water concentration (Turov and Leboda 1999 Figure 2 . The dependence of (a) interfacial energy, g s , and (b) strongly bonded water on the solid concentration in an aqueous suspension of microcrystalline cellulose (MC).
The interfacial energy is equal to the total decrease in the free energy of water caused by the presence of a biopolymer/water interface. Since the value of the specific surface area of the biopolymer is not known, the value of g s is expressed, as a rule, in free energy units relative to 1 g of dry material. The dependence of the interfacial energy on the concentration of cellulose in the aqueous suspension is depicted in Figure 2 (a) from which it is seen that the dependence has a complicated shape. Initially, at C mkc £ 20 wt%, the value of g s decreases in inverse proportion to the increase in cellulose concentration; at C mkc = 23 wt%, the interfacial energy approaches a minimal value (g s = 9 J/g); whilst at C mkc > 40 wt%, the value of g s begins to increase once more. The dependence of the concentration of strongly bound water versus C mkc is depicted in Figure 2(b) and from a comparison of Figures 2(a) and (b) it may be concluded that the nature of the dependence g s = f(C mkc ) is governed by changes in the value of C s H 2 O . Hence, alterations in the concentration of strongly bound water in the system determine the value of the interfacial energy.
As may be observed from the data shown in Figure 1 , the concentration of weakly bound water has a tendency to decrease as C mkc increases. This type of bound water arises when the distance between the cellulose particles in the suspension is greater than some minimal value. Hence, weakly bound water is associated with the external surfaces of the cellulose particles. However, a different situation arises in the case of strongly bound water. Thus, the presence of vertical sections in the dependence DG = f(C H 2 O ) makes it similar to the corresponding dependence observed for aqueous suspensions of hydrophilic microporous adsorbents Leboda et al. 2000) . Since the micropores inside the cellulose particle can either be associated with channels formed by a group of microfibrils or with the free space between microfibrils capable of accommodating a water molecule, it may be considered that the position of the vertical part of the DG = f(C H 2 O ) dependence is determined by the concentration of water in such micropores. Hence, the micropore volume (expressed in ml/g) in aqueous suspensions of MC is equal to the concentration of strongly bonded water (expressed in mg/g).
In contrast to the situation with a carbon adsorbent, a strong dependence of the volume of the micropores on the concentration of the solid phase is observed in the case under consideration [ Figure 2(b) ] with the volume of the micropores being reduced down from 250 ml/g to 75 ml/g as a result of the influence of neighbouring particles. One possible reason for this behaviour may be the influence of surface forces on the micropore volume. These forces act over considerable distances from the surface of the cellulose particles as demonstrated by the fact that the concentration of weakly bound water in a dilute suspension exceeds the concentration of strongly bound water inside the fibrils. Increasing the value of C mkc leads to enclosure of the MC particles and work being done against the surface forces. This leads to the removal of water molecules from the microfibrils since the MC particles do not possess a rigid fibril structure. If the distance between the particles becomes smaller than a particular critical value, then some cellulose particles come into contact with each other and thereby form a new structure in which the distance between the separate particles approaches the distance between the fibrils in a filament. In this case the concentration of strongly bound water increases dramatically and this leads to the appearance of the right-hand side of the DG = f(C H 2 O ) dependence in the figure.
The energy of interaction between the particles may be calculated from the data presented in Figure 2 (a). Dilution of the suspension increases both the concentration of bound water and the value of the interfacial energy from 9 J/g to 31 J/g. This behaviour is associated with increasing distance between the cellulose particles, indicating that the interactions between such particles is repulsive in nature with a magnitude equal to 22 J/g.
